Color centers in diamond have attracted much interest as candidates for optically active, solidstate quantum bits. Of particular interest are inversion-symmetric color centers based on group-IV impurities in diamond because they emit strongly into their zero-phonon lines and are insensitive to electric field noise to first order. Early studies of the negatively-charged tin-vacancy (SnV − ) center in diamond have found the SnV − to be a promising candidate: it has high quantum efficiency, emits strongly into its zero-phonon lines, and is expected to have a long T 2 spin coherence time at 4 K. To develop the SnV − into a spin qubit requires further characterization, especially of the spin and optical properties of individual SnV − in nanofabricated structures. In this work we isolate single SnV − centers in diamond nanopillars and characterize their emission properties and their spin response to a magnetic field. We observe narrow emission linewidths that are spectrometerlimited, as well as a strong polarization dependence of each transition. We also find the Zeeman splitting under a magnetic field to be in good agreement with theoretical prediction. Our results pave the way toward future employment of single SnV − s for optically accessible quantum memories.
I. INTRODUCTION
Color centers in diamond have emerged in recent years as candidates for solid-state, optically active quantum bits (qubits) [1] [2] [3] . A strong spin qubit candidate of this type should have strong emission into a narrow-linewidth transition, good immunity to environmental fluctuations, and long spin coherence time. The negatively charged silicon-vacancy (SiV − ) center, in particular, has garnered a lot of attention in recent years for fulfilling two of these three criteria: strong (∼ 70%) emission into its four zero-phonon lines (ZPL) and immunity to electric field noise to first order 4 . However, the SiV − suffers from short coherence times at 4 K (∼ 100 ns 5 ) and low quantum efficiencies (∼ 10% 6 ). Thus, other color centers with potentially better optical and spin properties must be explored.
The negatively charged tin-vacancy (SnV − ) center and SiV − belong to the same class of inversion-symmetric color centers comprised of an interstitial group-IV impurity atom accompanied by a split vacancy in the diamond lattice, shown in Fig. 1 
(a). Thus, SnV
− has some of the favorable properties of the SiV − along with some added benefits. Notably, preliminary measurements have estimated the quantum efficiency of SnV − to be around 80% 7 , a significant improvement over that of SiV − ∼ 10% 6, 8 . Considering that the SnV − has a Debye-Waller factor of 40% 9 , the overall probability that an excited SnV − will emit into one of its ZPL is approximately 30%, compared to 7% for SiV − . Furthermore, the SnV − is expected to have improved spin coherence times (T 2 ) over the SiV −9 because of its 17-fold greater ground-state splitting of ∼ 850 GHz ( Fig. 1(b) ). This larger splitting reduces the probability of single-phonon-mediated transitions between ground states, the primary mechanism of spin decoherence in SiV −5 . The SnV − is thus expected to have long We verify that we have isolated single emitters in the diamond nanopillars by performing second-order autocorrelation (g (2) [τ ]) measurements. A measurement of g (2) [τ ] for an emitter in a nanopillar under 1-mW, 532-nm excitation is presented in Fig. 2 to the function
where b, c, τ 1 , and τ 2 are fitting parameters 10 . τ 1 provides an estimate of the excited state lifetime of the emitter. τ 2 is the decay time on the photon bunching and relates to a third shelving state in the system. For the emitter presented in Fig. 2(b) , the g (2) [0] = 0.23±0.02, indicating that this emitter is indeed a single emitter. τ 1 and τ 2 were found to be 4.8 ± 0.1 ns and 103 ± 10. ns, respectively. The estimated emitter lifetime τ 1 of 4.8 ns is on par with previous measurements of ∼ 5 ns 7 .
III. OPTICAL PROPERTIES
The photoluminescence spectrum of a single SnV − in a nanopillar is presented in Fig.   3 (a). The C and D transitions of the emitter are found to be 842 GHz apart, close to the ∼ 850 GHz expected, indicating that this emitter is under minimal strain. The photoluminescence data in Fig. 3 Furthermore, we estimate the inhomogeneous broadening present in the emitters by plotting the average photoluminescence spectra of 44 pillars, as shown in Fig. 3(c) . The C and D transitions appear in the plot as two distinct peaks and have been fit to Gaussian distributions. From the fits, we find the full widths at half-maxima of the C and D transitions to be 271 ± 8 GHz and 583 ± 27 GHz, respectively. Raman tuning has been used to tune the ZPL of a SiV − up to 100 GHz 12,13 . Thus, it may be possible in future works to overcome a significant portion of the inhomogeneous broadening found here.
We also study the polarization of the emission into the C and D transitions for a single tions is shown in Fig. 4(a) .
For our theoretical model, we solve for the eigenstates of the Hamiltonian derived in
where the z-direction is along the symmetry axis of the emitter. The superscripts g and u respectively denote the parity of the states: even (gerade) and odd (ungerade). For SnV − and similar negatively charged group-IV-based color centers, the ground state corresponds to g and excited to u. The sign on the effective spin-orbit coupling (first) term opposes that of Hamiltonians previously used to model other negatively charged group-IV-based color centers 14 . In the form x = {x g , x u }, where x is a parameter, the values given in Ref. 9 for the parameters in Eq. 2 are λ = {850, 3000} GHz, f = {0.154, 0.098}, and δ f = {0.014, 0.238}. We study an emitter under minimal strain, so we neglect theΥ strain term.
For the measurements in a magnetic field, our sample is cooled to 1.7 K in an attoDRY2100 with a superconducting magnet. The magnetic field is applied out of the plane of the chip, along the [001] direction, which shall be denoted as z . We apply magnetic fields B z from 0 T to 9 T, inclusive, in 1 T increments. We perform photoluminescence 
V. SUMMARY AND OUTLOOK
We have studied the optical properties of single SnV − centers that have been isolated in diamond nanopillars. We were able to generate emitters with spectrometer-limited linewidths of < 20 GHz. These linewidths are an improvement over previously measured linewidths in bulk diamond and demonstrate that emitters can be incorporated into nanostructures without degrading the optical properties. SnV − linewidths may be further improved by lower implantation dose and a longer high-temperature anneal. We also observe a strong polarization dependence of the emission. Lastly, we observed the behavior of a single SnV − as a function of magnetic field and find it to be in good agreement with theoretical predictions presented by Thiering and Gali 9 . Our findings indicate that the SnV − is a promising candidate for a spin qubit and warrants further investigation. Future works include characterizing the spin coherence time T 2 of the isolated emitters and fabricating more sophisticated nanostructures such as photonic cavities resonant with SnV − ZPLs, two necessary steps in order to implement the SnV − as an optically interfaced spin qubit.
